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ABSTI^ACT 


A  technique  for  rapid  and  accurate  neastirement  of  gap  lengths  of 
nearly  satxirated  particle  tracks  In  nuclear  emulsions  Is  reported.  Ihe 
method  consists  of  obtaining  photomicrographs  of  x>artlcle  tracks  with 
a  superimposed  Image  of  a  calibrated  eye:^icce -micrometer  disc.  Ihe  gap 
lengths  are  meastired  to  an  accuracy  of  1/4  micron. 
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StMKARr 


Ihl8  report  describes  a  technique  developed  at  HRDL  for  neasurlng 
grain  densities  of  hl^^ily  Ionised  particle  tracks  In  nuclear  emulsions. 
Ihe  method  consists  of  using  a  microscope  to  obtain  photcsELcrographs 
that  yield  the  desired  Infoxmatlon. 
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nnRODocnoN 


nuclear  anilslons  axe  designed  primarily  to  x«spond  to  charged 
IMrtlcles.  Ihey  differ  from  ordinary  photographic  emulsions  In 
several  vays.  Ihe  Important  differences  are:  (l)  they  are  much 
thlckerj  l.e.,  thicknesses  vary  from  10  to  3000  microns;  and  (2)  the 
silver  hromlde  to  gelatin  ratio  Is  much  hl^er  in  nuclear  emulsions 
(U:l  by  vel^t).  As  a  charged  particle  traverses  the  eaiulslon.  It 
loses  its  energy  by  the  processes  of  excitation  and  Ionization  of 
atoma  in  the  emulsion  and,  for  electrons,  by  radiation  of  electro¬ 
magnetic  energy.  For  massive,  hli^ily  Charged  ions,  we  are  concerned 
only  with  the  energy  loss  due  to  the  ionization  of  atoam. 

Ihe  inM>er  of  grains  per  unit  length  of  track  that  become 
developable  Is  a  function  of  the  rate  of  energy  loss  of  the  particle. 
Ibe  energy  can  come  from  the  original  particle  or  from  the  secondary 
electrcms  idilch  are  produced  in  the  process  of  Ionization.  Upon 
developsent,  these  emulsion  grains  become  chiefly  metallic  silver 
idille  the  other  crystals  of  silver  broad.de  are  dissolved.  A  charged 
particle  track  in  a  nuclear  eanilsion  is  a  series  of  rou^ily  colllnear, 
spherical  grains.  If  the  rate  of  energy  loss  of  the  pcurtlcle  is  such 
that  not  every  grain  Is  made  developable,  then  the  distribution  of 
distances  between  developed  grains  (gape)  is  exponential,^'^  and  is 
of  the  form: 


«(/)  =  ii^.-  (1) 

vhere  hC^  )  is  the  nudaer  of  gape  greater  than  soam  /4  N  is  the  total 
nuid>er  of  gaps  and^  is  the  mean  gap  length.  ^ 

Ohe  grain  density  of  a  track  in  emulsion  (the  number  of  developed 
grains  per  unit  length)  can  yield  information  with  regard  to  the  rate 
of  energy  loss  of  the  particle  vhlch  produced  this  track.  Ihls  Info- 
matlcn  can,  in  turn,  be  used  to  determine  the  velocity  of  the  particle 
and.  If  its  residual  range  is  known,  its  charge  (mass). 
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Gred-n  density  can  seldom  be  meeisiired  directly  by  counting  the 
developed  grains .  Us\ially  it  is  necessetry  to  obtain  estimates  of  the 
true  grain  density  indirectly. 3 

One  good  estimate  of  grain  density  is  known  as  g^^  =  l/i/,  idiere  L 
is  the  mean  gap  length. 2  Another  way  to  meeusure  /  is  to  find  the 
least -squares  solution  for  the  slope  of  the  gap-length  distribution, 
Eq  (l).  In  cases  ■idiere  the  rate  of  energy  loss  of  the  particle  is 
very  large,  the  mean  gap  length  can  be  the  order  of  l/2  micron  and 
less.  Ihe  accurate  measure  of  smsill  distances  done  in  a  reasonable 
length  of  time  becomes  a  problem  which  nnist  be  overcome. 


DESCRIPTION  OF  EXPERIMENT 


Insensitive  Ilford  emulsions  (K.O,  K  mlnxis  1,  and  K  minus  2)  were 
xised  in  this  experiment.  The  emulsions  were  100  microns  thick, 

1  X  3-in.  glass-backed  plates.  Ihey  were  expos^  to  artificially 
accelerated  beams  of  heavy  ions  of  N^^,  0^°,  Ne^O,  at  the 

Lawrence  Radiation  Laboratory's  Heavy  Ion  Linear  Accelerator.  Energies 
of  10. U  t  0.2  Mev/nucleon  were  obtained.  The  3-in.  dimension  of  eewh 
plate  was  positioned  in  svich  a  way  that  the  entering  ions  made  a  5 -deg 
emgle  with  the  plane  of  the  emulsions.  Exjjosed  in  this  manner,  all 
ions  recorded  on  a  single  plate  had  essentially  the  same  momentum.  Die 
track  lengths  varied  from  100  microns  for  to  200  microns  for  Cp-2, 
Each  track  was  divided  into  10-mlcron  Intervals.  Diis  was  done  so  that 
the  rate  of  energy  loss  could  be  considered  as  essentially  constant 
over  that  region  of  track.  In  actual  preujtice  the  change  of  dE/dx  over 
the  interval  from  its  median  value  was  almost  always  less  than  10  per¬ 
cent.  Because  of  the  exponentieQ.  nature  of  the  gap-length  distribution, 
only  gai>8  over  certain  lengths  had  to  be  measured;  this  length  was 
chosen  to  be  l/k  micron,  the  limi  tation  being  the  resolution  limit  of 
the  optical  system. 

Die  conventional  technique  of  measuring  gaps  in  nuclear  tracks 
Involves  the  use  of  a  filar  micrometer,  an  Instrument  consisting  of  a 
sx>eclal  eyepiece  to  idiich  is  attached  a  micrometer-screw  mechanism  that 
moves  a  hedrllne  over  a  fixed  reticle  scale.  Dils  technique  proved  to 
be  Inadequate  for  the  following  reasons ;  (l)  the  image  of  the  hairline 

often  appeared  wider  than  the  distance  to  be  meeusured,  (2)  the  process 
was  extronely  slow  since  the  micrometer  reading  he^  to  be  recorded 
before  and  after  each  measurement,  auid  later  converted  to  microns. 
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(3)  a  compeuiion  eyepiece  coiild  not  oe  lo\ind  for  use  on  a  blnocul ar- 
bo^  microscope,  and  (k)  there  was  no  convenient  way  of  subdividing 
the  track  into  lO-micron  intervals.^ 


EQUIFMEIfT 


Figures  1  and  2  show  the  eguliment  used.  Die  eq[al|inent  consisted 
of  a  Cooke,  Trou^ton  and  Slmns  Uhlversal  microscope  used  in  con¬ 
junction  with  a  special  tilt  superstage,  a  variable  length  monocular 
tube,  a  Leitz  MLcro-Ibso  photomicrographic  attachment,  two  Leltz 
cameras  and  calibrated  illumination  system. 


Microscope 

A  standard  Cooke  lAiiversal  microscope  stand  was  used.  It  rested 
on  a  l/4-ln.  thick  lead  plate  placed  on  a  3-in.  thick  piece  of  foam 
plastic.  The  padding  was  used  to  minimize  vibrations  nonnally 
occurring  in  any  building  and  those  due  to  the  operator.  Since  each 
movement  is  magnified  several  hundred  tines  ot  the  Image 
plane,  any  vibration  renders  photomicrography  almost  impossible.  The 
above  arrangement  was  found  very  satisfactory  chiefly  because  of  the 
fact  that  the  foam  plastic  isolated  the  microscope  from  outside 
vibrations  and  dampened  internal  noise,  such  as  the  shutter  movement. 
It  is  preferable  to  mount  the  microscope  in  such  a  way  that  it  moves 
as  a  single  unit.  Die  original  monocular  tiibe  of  the  microscope  was 
replaced  by  one  whose  tube  length  was  varleble.  Die  optical  tiflie 
length  could  be  adjusted  to  any  required  value,  making  it  possible  to 
use  various  objectives. 


Stage 


A  specially  designed  superstage  was  utounted  on  the  regular 
precision  stage  of  the  microscope.  Dils  device  was  capable  of 
rotation  about  the  Z  axis  and,  at  the  same  time,  iiermltted  the  plane 
of  the  emulsion  to  be  tilted  so  that  the  track  appeared  flat  in  the 
focal  plane  of  the  objective.  (Fig.  3-)  Owing  to  the  shrinkage  in 
thickness  of  the  emulsion  on  processing,  it  was  possible  to  bring 
tracks  with  dip  angles  rq)  to  6  -  7  <^6  into  the  focal  plane  of  the 
objective . 
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Optics 


Oil  immersion  optics  of  high  numerical  aperture  were  used 
throu^out.  Leitz  aplanatic -achromatic  N.Ao  1.4  and  a  Bousch  and 
Lomb  achromatic  N.A.  1.4  condensers  were  used  and  both  gave  satis¬ 
factory  results.  A  Leitz  lOOX  piano  apochromat  N.A.  1.32  £ind  a  Zeiss 
lOOX  piano  £u:hromat  N.A.  1.25  objectives  were  found  to  be  excellent 
for  this  purpose.  Dieir  chief  limitation  in  emulsion  work  is  that  of 
rather  short  working  distance  (2J0  microns  for  the  Leitz  objective). 
However,  since  the  original  thickness  of  o’lr  emulsion  was  100  microns, 
and  the  final  thickness  of  the  processed  emulsions  was  approximately 
40  microns,  this  limitation  did  not  affect  our  work.  Taking  the 
shrinkage  factor  into  account,  the  Leitz  objective  can  be  used 
satisfactorily  with  emulsions  of  original  thicknesses  of  up  to 
600  microns .  Tkiis  is  ass’iming,  of  course,  that  the  plane  of  the 
emulsion  would  not  be  tilted. 


Fhotomicrographic  Attachment 

A  standard  Leitz  Mlcro-Ibso  photomlcrographlc  attachment  was 
mounted  on  a  bracket  supported  by  a  column  attached  to  the  microscope. 
(Figs.  1  and  a)  By  reieeteing  a  clamp  on  the  support  column,  the  Micro- 
Ibso  could  be  swung  into  or  out  of  position.  Ihe  photographic  eyepiece 
was  a  Leitz  lOX  perlplan  eyepiece  in  >diich  was  mounted  a  specially 
designed  eyepiece  micrometer  disc  (reticle).  The  eyepiece  diaphragm 
was  critically  adj\isted  so  that  the  image  of  the  reticle  was  focused 
upon  the  image  of  the  track  (Fig.  4.)  The  reticle  was  cut  on  a 
machine  similar  to  the  one  used  at  LRL  in  Berkeley,  California.^ 

The  ruling  was  done  on  a  sheet  of  optlcsLl  quality  No.  3  Coming 
coverglass.  The  scale  ruling  of  200  divisions  was  so  designed  that 
the  image  of  the  ruled  lines  had  the  spacing  of  0.5  micron  between 
lines  at  a  magnification  of  l46o  dl  ameters .  A  separate  reticle  had 
to  be  cut  for  each  objective  because  of  the  deviation  of  actual 
magnification  from  that  specified  liy  the  man\if acturer .  The  calibration 
of  the  reticles  was  checked  and  verified  1'/  using  a  Bausch  and  Lomb 
precision  stage  micrometer. 


Illumination 


A  standard  Cooke  light  so-urce  wa.v  lised,  powered  by  a  Kepco  Model 
PR  15-lOM  regulated  D.C.  power  supply  (regulated  to  1  percent). 

Because  of  the  fact  that  the  area  of  the  image  is  a  function  of 
expostire,  the  light  intensity  at  the  film  plane  had  to  be  constcmtly 
monitored. 5  ohis  was  done  with  the  use  of  a  Jhotovolt  >^01  llghtmeter. 
The  Ihotovolt  Itself  was  kept  drift-free  by  the  rise  of  a  standard  lamp. 
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Marlanm  resolution  with  given  optics  was  obtained  with  the  \ise  of 
Bonochrcaatlc  green  llg^t. 


Cameras  and  Film 

A  Lelca  and  a  Leltz  9  x  12-cm  Makam  camera  were  used. 

Ibe  Lelca  was  equipped  with  a  standard  l/3-reductlon  lens.  Fine 
grain  Kodak  FanotcBilc  X  film  was  iised.  !Ihe  Makam  camera  had  a 
simclal  Graphic  back  adapted  to  It  so  that  either  standard  4  x  9-ln- 
holders  or  4  x  3-lu*  packets  of  Polaroid  film  could  be  uied. 


EKPHUMBffEAL  PROCEDURE 


Upon  alignment  of  the  microscope,  the  1  x  3*’ln*  nuclear  emulsion 
was  placed  Into  the  holder  of  the  tilting  stage.  Ibe  tilt  of  the 
stage  was  varied  until  the  Image  of  the  track  appeared  flat  In  the 
field  of  view.  At  this  point  either  the  stage  or  the  photognqphlc 
ejeplece  was  rotated  In  such  a  way  that  the  Image  of  the  reticle  was 
superimposed  on  the  Image  of  the  track.  (Fig.  3«)  Each  of  the  hbove 
adjustments  was  simple  to  execute  since  most  of  the  tracks  appeared 
as  eqqproxlmately  peurallel  lines.  (Deviations  caused  by  multiple 
scattering  are  usually  raall  for  heavy  Ions . )  Before  photograihlng, 
the  operator  checked  that  perfect  Kohler  lUiailnatlon  existed,  that 
the  ntamrlcal  apertures  of  the  condenser  and  the  objective  were 
approximately  equcLL,  and  that  the  llfd^t  Intensity  was  correct  3 
The  shutter  mechanism  of  the  Mlcro-Ibso  was  used  exclusively.  When 
used  In  conjunction  with  a  Lelca  camera,  the  focal  plane  shutter  of 
the  camera  was  opened  and  remained  so  during  the  exposure.  Focal 
plane  shutters  are  not  tiseful  In  photomicrography  because  of  the 
vibrations  idilch  they  create. 

aich  track  was  photographed  In  several  sections.  At  the  magni¬ 
fication  of  1300  diameters,  approximately  60  microns  of  track  appeared 
on  each  photooilcrograph  with  an  overlap  of  from  3  to  10  microns  on 
each  end  to  pezmlt  Interldentlflcatlon  between  corresponding  points 
of  the  track.  (Fig.  3.)  Two  photomicrographs  were  necessary  to 
record  a  complete  Argon  or  Neon  track  and  foxu*  for  a  complete  track 
of  Cazbon.  With  this  technique,  the  thickness  of  the  reticle  lines 
siqperlaposed  on  the  track  images  was  reduced  to  the  point  idiere  they 
no  longer  obsctued  the  gaps  to  be  measured  and  yet  were  clearly  visible. 
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Ihe  advantages  of  this  method  are:  (l)  the  ceillhration  of  the 
reticle  remains  constant  and  Independent  of  shrinkage  or  expansion  of 
film  and  the  prints  themselves;  (2)  in  the  process  of  developing  the 
film  and/or  the  prints,  irtiatever  happens  to  the  image  of  the  track 
also  happens  to  the  calibrated  reticle  lines;  and  (3)  the  speed  with 
fdiich  grain  density  can  he  measured  is  increased  sig^ficantly. 

In  this  manner  it  vas  possible  to  take  many  thousands  of  photo¬ 
micrographs  and  process  them  in  a  relatively  short  time. 


EXPERIMENTAL  FROBLE^e 


Upon  examination  of  Fig.  3,  it  is  observed  that  the  image  of  the 
reticle  is  sharp  at  the  center  of  the  field  of  view  but  becomes 
steeidlly  more  distorted  toward  the  edge  of  the  photograph.  At  the 
same  time  the  primary  image  appears  sharp  at  all  points.  Ilhls  photo¬ 
micrograph  was  taken  with  a  I/3  X  reduction  lens  using  the  35 -nm 
Lelca  camera.  The  distortion  of  the  reticle  image  did  not  appear 
when  the  Makam  camera  was  used.  (Fig.  6.)  In  this  example  both  the 
image  of  the  track  and  that  of  the  reticle  appear  in  focus  throughout 
the  field  of  view.  Several  different  I/3  X  reduction  lenses  were 
tested,  but  all  showed  this  pecularity.  This  made  the  task  of  taking 
data  off  film  someidiat  more  difficult  and  also  reduced  its  accuracy. 

During  the  investigation  it  was  found  that  the  sensitivity  of  the 
films  used  varied  considerably  frcm  batch  to  batch..  The  variation  was 
such  for  No.  52  Polaroid  film  that  the  reported  ASA  nuniber  had  very 
little  significance.  Ihis  vas  less  true  of  the  Kodak  Panotomic  X  film. 
It  was  found  advisable,  however,  to  run  a  calibration  on  each  different 
batch  of  film. 


DISCUSSION 


In  practice,  the  technlqpie  described  herein  proved  both  fast  and 
reliable.  It  was  fovind  that  a  well  trained  operator  using  the  3^HBmi 
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Lelca  camera  co\ild  average  thirty  photomlcrograiihs  per  hour,  nils 
Is  assuming,  of  cotirse,  that  the  track  density  Is  hl^  so  that  a 
minimum  amount  of  time  Is  spent  In  searching  for  an  event. 

The  errors  encountered  In  measuring  g^^  can  he  separated  Into 
tvo  categories;  those  arising  from  the  statlstlccLL  fluctuations  In 
the  gap-length  distributions,  and  the  errors  Introduced  by  the 
sid>Jectlvlty  of  different  readers.  It  was  foiind  that  the  statistical 
errors  vere  usTially  smaller  them  reeuler  errors.  When  gredln  density 
vas  of  the  order  of  2  grains /micron  and  less  accuracy  vas  of  the 
order  of  10  percent,  bet%reen  2  and  h  grains /micron  accuremy  varied 
from  10  to  20  percent.  Beyond  k  greilns /micron  accuremy  deteriorated 
rapidly. 

As  mentioned,  a  disturbing  feature  of  this  technique  Is  the 
fact  that  idien  the  35 -mn  camera  Is  used,  the  quality  of  the  Image  of 
the  reticle  deteriorates  steadily  tovard  the  edges  of  the  esgposure. 

On  the  other  hand,  the  Msdcam  camera  offers  the  advantage  of  sharp 
clecLT  Images  at  all  i>olnts,  but  has  the  disadvantage  of  slow  speed 
due  to  the  fact  that  cut  film  is  used.  It  seems  advisable  to  combine 
the  desirable  features  of  both  cameras .  With  this  in  mind,  a  new 
camera  Is  being  btillt  idilch  will  fit  the  back  of  the  Makam  and  will 
use  100-ft  rolls  of  35 movie  film.  Diis  will  enable  two  hundred 
exposures  to  be  made  on  a  single  roll  with  no  further  magnification 
necessary,  and  will  offer  a  wide  variety  In  the  types  of  film 
(both  i>osltlve  and  negative)  which  may  be  used. 


7 


REFERENCES 


1.  C.  F.  Powell,  P.  H.  Fowler,  euid  D.  H.  Perkins.  Die  Study  of 
Elementary  Particles  by  the  Micrograidilc  Method.  Pergamon  Press, 

1959.  P.  101. 

2.  W.  H.  Barkas.  "Information  Content  of  Particle  Tracks,"  Phys.  Rev. 

124.  847  (1961). 

3.  J.  W.  Patrick  and  W.  H.  Barkas.  "Ihe  Grain-Density  of  Qnulsion 
Tracks,"  Nuovo  Clmento  Suppl.  23  1  (I962). 

4.  T.  C.  Hodges.  "Microscope  Equipment  for  Nuclear  Bonilslon  Analysis," 
UCRL-9089.  p.  27. 

G.  Alvlal,  A.  Bonettl,  C.  Dllworth,  M.  Ladu,  J.  Morgan,  and 
G.  Occhiallnl.  "Meastirements  of  Ionization,"  Nuovo  Clmento  Suppl. 

^  244  (1956). 

6.  C.  P.  ShlUaber.  Ihotomicrography  in  Iheory  and  Practice.  Wiley 
and  Sons,  Inc.,  1959*  P*  66. 

7.  R.  M.  Allen.  Photomicrography.  D.  Van  Nbstrand  Co.,  I958.  p.  29. 

8.  M.  Francon.  Progress  in  Microscopy.  Row,  Peterson  and  Company, 
1961.  Chapters  I  and  V. 


8 


Fig. 


Cooke,  Troughton  and  Simms  microscope  with  a  Leitz  Micro-Ibso 
photomicrographic  attachment  and  a  35-inm  Leica  camera. 
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Fig. 


Cooke^  Troughton  euid  Simms  microscope  with  a  Leitz  Micro-Ibso 
photomicrographic  att6u;hment  and  a  Leitz  k  x  5 -in.  Makam  camera. 
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Fig.  3  Tilting  superstage 
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Fig.  4  Measuring  reticle  for  a  Leitz  periplanatic  lOX  eyepiece.  Scsde 
rulings  of  200  divisions  at  52  microns.  Width  of  individual 
irulings  is  approximately  5  microns. 
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Fig.  5  A  typical  photomicrograph  used  in  measvireinent  of  grain  densities. 
Print  made  from  a  35 “Dbh  Panotomic  X  exposure . 


Fig.  6  A  photomicrograph  taken  vlth  Leitz  MEdcam  camera  showing  a  sharp 
clear  image  of  the  reticle. 
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